Hot carrier (HC) cooling is a critical photophysical process that significantly influences the optoelectronic performance of hybrid perovskite-based devices. The hot carrier extraction at the device interface is very challenging because of its ultrashort lifetime. Here, ultrafast transient reflectance spectroscopy measurements and time-domain ab initio calculations show how the dielectric constant of the organic spacers can control and slow the HC cooling dynamics in single-crystal 2D Ruddlesden−Popper hybrid perovskites. We find that (EA) 2 PbI 4 (EA = HOC 2 H 4 NH 3 + ) that correspond to a high dielectric constant organic spacer has a longer HC cooling time compared to that of (AP) 2 PbI 4 (AP = HOC 3 H 6 NH 3 + ) and (PEA) 2 PbI 4 (PEA = C 6 H 5 C 2 H 4 NH 3 + ). The slow HC relaxation process in the former case can be ascribed to a stronger screening of the Coulomb interactions, a small nonradiative internal conversion within the conduction bands, as well as a weak electron−phonon coupling. Our findings provide a strategy to prolong the hot carrier cooling time in low-dimensional hybrid perovskite materials by using organic spacers with reduced dielectric confinement.
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ABSTRACT: Hot carrier (HC) cooling is a critical photophysical process that significantly influences the optoelectronic performance of hybrid perovskite-based devices. The hot carrier extraction at the device interface is very challenging because of its ultrashort lifetime. Here, ultrafast transient reflectance spectroscopy measurements and time-domain ab initio calculations show how the dielectric constant of the organic spacers can control and slow the HC cooling dynamics in single-crystal 2D Ruddlesden−Popper hybrid perovskites. We find that (EA) 2 PbI 4 (EA = HOC 2 H 4 NH 3 + ) that correspond to a high dielectric constant organic spacer has a longer HC cooling time compared to that of (AP) 2 PbI 4 (AP = HOC 3 H 6 NH 3 + ) and (PEA) 2 PbI 4 (PEA = C 6 H 5 C 2 H 4 NH 3 + ). The slow HC relaxation process in the former case can be ascribed to a stronger screening of the Coulomb interactions, a small nonradiative internal conversion within the conduction bands, as well as a weak electron−phonon coupling. Our findings provide a strategy to prolong the hot carrier cooling time in low-dimensional hybrid perovskite materials by using organic spacers with reduced dielectric confinement. KEYWORDS: 2D hybrid perovskites, dielectric confinement, hot carrier cooling, nonadiabatic molecular dynamics, electron−phonon coupling O rganic−inorganic hybrid perovskites have been intensively explored as next-generation semiconducting materials for solution-processed solar cells, lasers, light-emitting diodes (LEDs), and X-ray imaging applications. 1−8 Operating the hybrid perovskite-based photoelectronic devices involves several photophysical processes, such as photogenerated exciton dissociation, appearance of hot carriers and free carriers, and large polaron formation and migration. 9−13 The slow cooling of hot carriers (HCs) created by above-band-gap laser excitation is a critical photophysical process in order to achieve highly efficient HC solar cells that operate beyond the Shockley−Queisser efficiency limit. 14 −17 On the other hand, in the LEDs, the fast HC relaxation is favored due to the competition between charge carrier trapping processes at high level energy and HC cooling dynamics. Therefore, providing an avenue to tune the HC cooling rate is important for improving the optoelectronic performance of HC-based hybrid perovskite devices. 18, 19 Polycrystalline thin films of the prototype three-dimensional (3D) hybrid perovskite MAPbI 3 were reported to have slow HC dynamics with a ∼400 fs cooling time because of auger heating effects and a hot phonon bottleneck. 11, 14, 15, 18, 20 Recent experimental and theoretical studies suggest that the HC cooling time in perovskite materials can be effectively adjusted by compositional engineering, such as the mixing of cations, halogen atoms, and heavy metals. 21−25 Two-dimensional (2D) Ruddlesden−Popper (RP) hybrid perovskites have obtained much attention as an alternative to 3D hybrid perovskites because of their improved stability and moisture resistance. The dimensionality reduction from 3D to 2D enables tuning the electronic and optical properties of hybrid perovskites through dielectric and quantum confinement effects related to the organic spacers. 26, 27 However, the specific influence of organic spacers on the HC cooling processes in 2D RP hybrid perovskites, especially in the singlecrystal form, has not been investigated. A comprehensive study of the role of organic spacers on HC cooling dynamics in 2D RP hybrid perovskite single crystals proves to be important not only to better characterize the photophysical processes in this promising class of materials but also to keep enhancing the performance of HC-based optoelectronic devices using 2D RP hybrid perovskites.
Here, we explore and decipher the hot carrier dynamics in single crystals of 2D RP hybrid perovskites containing different organic spacers, (EA) 2 ) (see Figures 1 and S1), by combining the femtosecond transient reflectance (TR) spectroscopy measurements and time-domain ab initio calculations. We find a strong dependence of the dielectric confinement of the organic spacers on the HC relaxation dynamics in these 2D perovskite crystals. Here, increasing the dielectric constant of the organic spacer slows down the HC dynamics by a factor of 4 because of a stronger screening of the Coulomb interactions and a weaker nonadiabatic coupling. We also describe the phonon modes that participate in the HC dynamics and suggest that the strong electron−phonon coupling induced by interactions between the inorganic layers and organic spacers can accelerate the dynamics of HC cooling.
RESULTS
The 2D hybrid perovskite single crystals were synthesized using our reported cooling method 28 (see the experimental details in the Supporting Information). The crystallographic parameters and atomic coordinates are given in Tables S1−S6. The three 2D RP perovskite crystals show similar quantum confinement features, as their unit cell consists of a single inorganic layer (n = 1) and similar band gaps (the band gap difference between (AP) 2 PbI 4 and (EA) 2 PbI 4 is only ∼0.1 eV; see the absorption and photoluminescence spectra in Figure  S2 ). In contract, (PEA) 2 PbI 4 has a much smaller dielectric constant of its organic spacer layer (ε PEA = 3.3) and a larger distance between the inorganic layers (d = 7.03 Å) than those in (AP) 2 PbI 4 (ε AP = 28, d = 4.68 Å) and (EA) 2 PbI 4 (ε EA = 37, d = 4.37 Å), leading to a much larger exciton binding energy of (PEA) 2 PbI 4 (300 meV) compared to that of (EA) 2 PbI 4 (13 meV). 28 Such dielectric confinement originating from the different polarization of the inorganic layers and organic spacers is expected to strongly influence the intraband relaxations of hot carriers in the 2D hybrid perovskite crystals.
The femtosecond TR spectra and kinetics of (PEA) 2 PbI 4 , (AP) 2 PbI 4 , and (EA) 2 PbI 4 were measured with a low pump fluence (∼3 μJ·cm −2 , to minimize Auger recombination) and are shown in Figure 2 . For (PEA) 2 PbI 4 , following the aboveband-edge excitation at 330 nm, we observe a negative groundstate bleaching (GSB) signal (−ΔR/R < 0) between 470 and 500 nm and a strong positive photoinduced absorption (PIA) band (−ΔR/R > 0) centered at 511 nm. As excess energy excitation creates hot carriers above the band edge, a pronounced rise of GSB at early time delay is observed, which could be attributed to the cooling of hot carriers from higher electronic states to the band edge; 29,30 the intraband relaxation time here is 260 ± 12 fs. The decay time of the PIA signal ( Figure S3 ) matches the GSB signal at longer delay times using both 330 and 480 nm excitations. Thus, the GSB rise and PIA decay are the result of the photogenerated carriers reaching the band edge from the initial thermalization. The decay of GSB at longer delay times is assigned to the electron− hole recombination after cooling (i.e., interband relaxation with lifetimes τ 1 = 9 ps and τ 2 = 75 ps; see Figure S4 ). However, following band-edge (480 nm) excitation, the formation of GSB is instantaneous below the instrument-limited rise time (<120 fs), and the average recovery time of GSB is longer than that at 330 nm excitation (23 ps vs 34 ps). This confirms that, when using high-energy excitation, the hot carriers undergo thermal relaxation first and then thermalized carrier recombination occurs.
The (AP) 2 PbI 4 and (EA) 2 PbI 4 crystals show analogous TR spectra and kinetic features following the same excitation energies: (i) a rise of the GSB signal between 470 and 510 nm 
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Article DOI: 10.1021/acsnano.9b04085 ACS Nano XXXX, XXX, XXX−XXX and a decay of the PIA band centered at 524 and 535 nm; (ii) an instantaneous formation of GSB (<120 fs) using band-edge excitation; and (iii) a longer lifetime of the GSB signal and PIA signal using both excitations compared to that of (PEA) 2 PbI 4 ( Figures S3 and S4 ). All of these findings suggest that the lower exciton binding energy of (EA) 2 PbI 4 containing a larger dielectric constant of the organic spacer facilitates the exciton dissociation into free charge carriers at room temperature. Interestingly, the (EA) 2 PbI 4 crystal, on the other hand, shows a rise time of GSB (720 ± 35 fs) much longer than that of (AP) 2 PbI 4 (640 ± 30 fs) using above-band-edge excitation, indicating a much slower hot carrier cooling rate in (EA) 2 PbI 4 compared to those of (AP) 2 PbI 4 and (PEA) 2 PbI 4 . In addition, the (AP) 2 PbI 4 and (EA) 2 PbI 4 crystals show the slower electron−hole recombination after cooling (i.e., interband recombination dynamics) due to the larger screening of the Coulomb interactions induced by the larger dielectric constant of organic spacers and reduced electron−phonon coupling that will be discussed in detail later. It should be noted that the HC cooling time in (EA) 2 PbI 4 is shorter than that in the MAPbI 3 crystal when using the same excess energy excitation (∼1100 fs; see the TR spectra and kinetics in Figure S5 ). 10, 14 This agrees well with previous theoretical predictions showing that a hot electron relaxation in 2D hybrid perovskites faster than that in MAPbI 3 . 31 To understand the effects of the organic spacers on the relaxation process of hot charge carriers and the slower intraband relaxation rate observed in the (EA) 2 PbI 4 crystal, we performed nonadabatic molecular dynamics (NAMD) simulations with the fewest-switches surface hopping method and taking account spin−orbit coupling (SOC), as relativistic effects are expected to accelerate the intraband relaxation processes of perovskite systems. 32−35 This is also confirmed by our calculations on 3D MAPbI 3 without and with SOC (see the comparisons of charge population decays in Figure S6 ). The 2D hybrid perovskites display a direct band gap of 2.12 eV at the Γ-point for (PEA) 2 without SOC, whereas including SOC decreases the gaps by ∼0.9 eV, essentially through shifting the conduction band minimum ( Figure S7 ). Given that the effective masses of the hot electrons are smaller than the hot holes in both perovskites and as the electronic bands in the deep-energy region (lower than −3.5 eV in Figure S7 ) are almost flat, only the hot electron cooling process was considered in the NAMD calculations. Without considering SOC effects ( Figure S8 ), we observed a decay of the electron population down to 10% within 360 fs from the initial CBM+10 (1.466 eV above the CBM) in (PEA) 2 PbI 4 and a slower decay within 1000 ps from the initial CBM+3 (1.644 eV above the CBM) in (AP) 2 PbI 4 and CBM+3 (1.470 eV above the CBM) in (EA) 2 PbI 4 .
When SOC effects are included, the electrons in (PEA) 2 PbI 4 undergo fast relaxation from the initial CBM+2 (1.63 eV above the CBM) to CBM+1, and the population of electrons in the initial state rapidly decays to 10% of the initial population within 120 fs (Figure 3g ) due to a large nonadiabatic coupling (NAC): NAC[⟨CBM+2|CBM+1⟩] = 216 meV; this agrees well with the lifetime of hot carrier relaxation deduced from the femtosecond TR kinetics of (PEA) 2 PbI 4 (∼220 fs). In the present case, the direct population transfer between the initial CBM+2 and CBM is less favorable because of the small NAC between these two states (NAC[⟨CBM+2|CBM⟩] = 45 meV). Note that there occurs no charge transfer from the organic spacers to the inorganic layers as the charge density of CBM+2 in (PEA) 2 PbI 4 is delocalized within the inorganic layer ( Figure  3a ). However, in the case of (AP) 2 PbI 4 and (EA) 2 PbI 4 , the hot electrons need a much longer time to cool down from the initial CBM+2 to the CBM, as direct population transfer is most likely to occur between these two states (NAC[⟨CBM+2| CBM⟩] = 176 meV for (AP) 2 PbI 4 and 198 meV for (EA) 2 PbI 4 ); the population of hot electrons decays to 10% of its initial value within ∼360 fs for (AP) 2 PbI 4 and ∼500 fs for (EA) 2 PbI 4 (Figure 3h ,i), which are again in agreement with the hot carrier relaxation times of (AP) 2 PbI 4 (∼640 fs) and (EA) 2 PbI 4 (∼720 fs). Note that in (EA) 2 PbI 4 the HC cooling process occurring at the symmetric Z-point shows a slower decay of hot electrons compared to that at the symmetric Γpoint ( Figure S9) .
Overall, the SOC effects can enhance the electron relaxation rates within the conduction bands because of two effects: 35 (i) they could increase the average magnitudes of NACs between higher conduction bands (Figure 3d 
Article DOI: 10.1021/acsnano.9b04085 ACS Nano XXXX, XXX, XXX−XXX (PEA) 2 PbI 4 is due at least partly to the larger NAC induced by the overlapping of the electronic charge density between these conduction bands (Figure 3a −c) and the larger density of states in the high-energy region compared to that of (AP) 2 PbI 4 and (EA) 2 PbI 4 ( Figure S10 ).
To better understand the effects of carrier interactions with the lattice modes on the hot carrier cooling processes in (PEA) 2 PbI 4 , (AP) 2 PbI 4 , and (EA) 2 PbI 4 , we calculated the phonon modes via Fourier transformation of the fluctuations in the energy differences between pairs of conduction bands (top panel in Figure 4 ) as well as the Raman peaks and intensities at the density functional perturbation theory level (bottom panel in Figure 4 ). We find that the low-frequency modes below 200 cm −1 dominate the spectral density for the HC relaxation processes in 2D RP perovskite crystals; by visualizing the vibration vectors as given in Figure 4 , these modes can be ascribed to the horizontal Pb−I stretching modes and vertical I−Pb−I rocking modes of the inorganic layer together with vibrational modes of the organic spacers, which are in a good agreement with previous assignments. 36, 37 As in 2D perovskites the organic spacers are predominantly coupled to the stretching/rocking vibrations of the inorganic layers, these low-energy "hybrid phonon" modes can accelerate the hot carrier cooling processes in comparison to 3D MAPbI 3 in which the HC relaxation couples only little to the organic cations. The HC relaxations in hybrid perovskites are also associated with the magnitudes of the exciton binding energy 38 and electron−phonon couplings, 18, 39 in particular, the interactions between the longitudinal optical (LO) phonons and electrons, which can be described by the Froḧlich parameter α (the α values are given in Table S7 ). (PEA) 2 PbI 4 has a calculated α value (4.29) larger than that of (AP) 2 PbI 4 and (EA) 2 PbI 4 (3.68 and 3.82) due to its larger electron effective mass and smaller optical dielectric constant, which indicates that the electronic transitions among the conduction bands in (PEA) 2 PbI 4 are coupled more strongly to the vibrations of the inorganic cages. Moreover, in (EA) 2 PbI 4 , the Coulomb interactions among excited charge carriers are better screened as the EA spacer has a larger dielectric constant; in (PEA) 2 PbI 4 , these interactions are less screened, which leads to a more significant scattering of the charge carriers among themselves and with optical phonons. In addition, the two sets of hydrogen bonding patterns (i.e., N−H···I at 2.62 Å and O− H···I at 2.71 Å) formed between the EA spacers and the [PbI 4 ] 2− layers are expected to prevent the rotational motions of the EA molecules, which can also contribute to the slower HC cooling dynamics in (EA) 2 PbI 4 . 24 
CONCLUSION
We have demonstrated that the dielectric constant of the spacer significantly affects the HC cooling process in 2D hybrid perovskite crystals. Our experimental and theoretical results indicate that the increase in the HC cooling time in (EA) 2 PbI 4 with respect to (PEA) 2 PbI 4 can be attributed to (i) a stronger screening of the Coulomb interactions; (ii) reduced nonradiative couplings among the conduction bands; (iii) smaller electron−LO phonon couplings; and (iv) suppressed rotations of the organic spacers. Our results provide variable components to design low-dimensional hybrid perovskite materials with organic spacers that can prolong the carrier cooling dynamics.
METHODS
2D Hybrid Perovskite Single-Crystal Preparation. (EA) 2 PbI 4 : 1.5 g of PbI 2 powder (99%) and 0.8 mL of HOC 2 H 4 NH 2 liquid (99%) were added in 14 mL of 57% HI in a 20 mL vial as a precursor; the precursor was cooled to 3.7°C from room temperature in 6 h. (AP) 2 PbI 4 : 2.23 g of PbO powder (99%) was dissolved in 10 mL of 57% HI in a 20 mL vial and stirred at 100°C for 15 min; then the solution was cooled to room temperature, and 2.7 mL of HOC 3 H 6 NH 2 liquid (99%) was added in the same vial; after that, the clear solution was cooled to −20°C from room temperature in 8 h and left at −20°C for 1 week to obtain the (AP) 2 PbI 4 single crystal. (PEA) 2 PbI 4 : 1.0 g of PbI 2 powder (99%) and 0.2 mL of C 6 H 5 C 2 H 4 NH 3 liquid (99%) were added in 10 mL of 57% HI in a 20 mL vial as a precursor; the precursor was heated to 90.0°C from room temperature to fully dissolve the reactants; then the heated precursor was cooled to room temperature in 6 h. To exclude the interference from any surface defects or traps, we have cleaved the smooth surface of the 2D perovskite crystals after checking their crystallographic plane for the transient reflectance measurements.
X-ray Structure Analysis. We obtained the single-crystal intensity data with a Bruker APEX DUO following Mo Kα radiation (wavelength: 0.71073 Å) at 100 K.
Femtosecond Transient Reflectance Spectroscopy. We performed the femtosecond transient reflectance spectroscopy measurements at time scales from 0.1 ps to 6 ns in the transient absorption spectrometer at room temperature (the details about the transient absorption (TA) setup can be found in ref 40) . In this study, we used a Helios fs-TA spectrometer (Ultrafast Systems) equipped with UV−Vis−near-IR detectors. A few μJ/pulse energy of the amplified 800 nm laser pulse, operating at repetition rate of 1 kHz, was made to pass through an optical parametric amplifier (Light Conversion) to create the optical excitation pulses at 330 and 480 nm. The white-light probe pulses were generated by focusing a small fraction of the fundamental 800 nm pulses on a 2 mm sapphire plate. The white light probe pulse was divided into signal and reference for a better ratio of the signal-to-noise. The optical pump and optical probe pulses were guided and spatially overlapped on the surface of the 2D RP perovskite crystals. The absorption change (ΔA) was recorded by the Surface Xplorer software as a function of time delay (t i ) and wavelength (λ, nm). Finally, the ΔR/R(t 0 ) was calculated using the equation ΔR/R(t 0 ) = 10 −ΔA − 1. The negative absorption features (i.e., −ΔR/R(t 0 ) < 0) and positive spectral features (i.e., −ΔR/R(t 0 ) > 0) indicate the photoinduced absorption and the photobleach, respectively, where R(t 0 ) is the reflectance signal without excitation pulse and R(t i ) is the reflectance signal with excitation pulse at time delay t i . Here, we fixed the optical excitation fluence at ∼3 μJ/cm 2 to exclude the effect of multiple charge carrier generation. Considering the excited beam spot size (diameter) of ∼0.04 cm, we calculated the fluence of the pump pulse as follows: pump fluence = = × − E A 3.8 1. 26 10 3 nJ/cm 2 = 3.015 μJ/cm 2 , where E is the energy per pulse (measured power is 3.8 μW, pulse repetition rate = 1 kHz) and A is the area of the beam spot (πr 2 , r is the beam spot radius, 0.02 cm).
Density Functional Theory (DFT) Calculations. DFT optimizations of the crystal structures of MAPbI 3 , (EA) 2 PbI 4 , (AP) 2 PbI 4 , and (PEA) 2 PbI 4 were carried out at the Perdew−Burke−Ernzerhof (PBE) level with the generalized gradient approximation (GGA) using the plane-wave self-consistent field (PWSCF) code in the Quantum ESPRESSO (QE) package. 41 Starting from the experimental lattice parameters (Table S1− Figure S6 . Plane-wave basis set cutoff was 50 Ry for the wave functions and was 300 Ry for the charge density. The crystal structures of all hybrid perovskites were fully relaxed (the total force on each atom <0.01 eV/Å).
The Raman and far-infrared vibrational modes of MAPbI 3 , (EA) 2 PbI 4 , (AP) 2 PbI 4 , and (PEA) 2 PbI 4 , including mode positions and intensities, were calculated by using the Phonon code in the QE package. 41, 42 Here, the local density approximation functional together with norm-conserving pseudopotentials were used as this method can reproduce well the experimental vibrational spectra of hybrid perovskites. 43 The dielectric function at far-infrared frequencies, as given in Figure S11 of the Supporting Information, was obtained using the following equation: where n is the index of N ph phonon modes; ω n is the nth phonon frequency; ω el is the electronic band gap; F n and F el are the oscillator strength; and η and η el are the broadening factors (0.01 eV in our calculations). The phonon displacements and frequencies in the infrared region were calculated using the Phonon code with the QE package at the GGA/PBE level. The details of the calculations of the far-infrared dielectric function can be found in previously published works. 10, 45 Molecular Dynamics (MD) Simulations. Adiabatic ab initio MD simulations were carried out at the GGA/PBE level of theory by using ultrasoft pseudopotentials without and with account of SOC effects as implemented in the QE code. The optimized crystal structures of MAPbI 3 , (EA) 2 PbI 4 , (AP) 2 PbI 4 , and (PEA) 2 PbI 4 were considered as the starting geometries for the following adiabatic ab initio MD simulations. A 3000 fs trajectory with 1 fs time step was used, and the Andersen thermostat was used to keep the temperature at 300 K.
Nonadiabatic MD calculations on MAPbI 3 , (EA) 2 PbI 4 , (AP) 2 PbI 4 , and (PEA) 2 PbI 4 were performed using the PYXAID2 code. 46 
